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The photoexcited dynamics of order parameter in Peierls chain is investigated by using a mi-
croscopic quantum theory in the limit where the hot electrons may establish themselves into a
quasi-equilibrium state described by an effective temperature. The optical phonon mode respon-
sible for the Peierls instability is coupled to the electron subsystem, and its dynamic equation is
derived in terms of the density matrix technique. Recovery dynamics of the order parameter is ob-
tained, which reveals a number of interesting features including the change of oscillation frequency
and amplitude at phase transition temperature and the photo-induced switching of order parameter.
PACS numbers: 71.45.Lr,78.47.da,05.70.Ln
Introduction The concept of order parameter, which
characterizes various phases in condensed matters, plays
an essential role in modern phase transition theory[1].
One of the recent focuses is the dynamics of order pa-
rameter in non-equilibrium process, which is of inter-
est in both basic and applied physics. Micromagnetics
for magnetoelectronics devices is an excellent example of
such applications[2]. The non-equilibrium dynamics of
the charge density wave(CDW) order has recently been
extensively investigated by using optical pump-probe
spectroscopy[3–6] and time-dependent angle-resolved
photoemission spectroscopy (trARPES)[7–12]. In these
experiments, the samples are initially excited by a pump
laser pulse, and the electronic dynamics is then observed
either by probing the laser pulse or by using the ARPES
technique. Depending upon the pump fluence, there are
two types of electronic dynamics. In the low pump flu-
ence case, the CDW order is only slightly perturbed and
the collective modes in the CDW phase are excited. If
the pump fluence is high enough to destroy(meltdown)
the CDW order, a dynamic phase transition occurs and
the recovery dynamics of the initial CDW order will be
observed. These two types of dynamics are not mutu-
ally exclusive but closely related, since the recovery of
the CDW order is always accompanied with the excita-
tions of the collective mode[3–12]. The study of these
nonequilibrium dynamics processes may provide unique
insight to identify the formation mechanism of the CDW
order[7, 10, 11]. In comparison with the experimental
progresses, the theoretical efforts to understand and de-
scribe these phenomena are still very limited. One ap-
proach is the time-dependent Ginzburg-Landau (TDGL)
equation[6]. As a phenomenological description, though
it is effective in describing some experiments, it does not
give the microscopic details of the dynamics. Consider-
ing the complex microscopic interactions in these CDW
materials, it is helpful and desirable to develop a micro-
scopic theory for more fundamental and complete under-
standing of the dynamic processes. Such a necessity has
been exemplified in the study of the optical conductivity
of the Hubbard-Holstein model[13]. In this Letter, we
consider the photoexcited dynamics of the Peierls-type
CDW systems based on a microscopic model. We con-
sider half-filled Peierls chain as a minimal model, and
show how the nonequilibrium dynamics of the order pa-
rameter emerges from the microscopic interaction and
how the coefficients in the TDGL equation are related to
the basic parameters in the microscopic model.
FIG. 1. (Color online)(I) Undistorted and (II) distorted con-
figurations of a Peierls chain. The chain consists of N unit
cells with two atoms (η = A,B) in each unit cell. The lattice
constant is 2a, and the displacement of the distorted A-type
atoms is the order parameter ∆.
Theoretical Model We consider a Peierls chain consist-
ing of 2N monovalent atoms with the periodic boundary
condition as depicted in Fig. 1. The equilibrium positions
of the atoms at high temperature are shown in Configu-
ration (I). The deviation of the ith atom from its equilib-
rium position is denoted as ui. The system Hamiltonian,
or the Su-Schrieffer-Heeger model, is defined as[14]
H = −
∑
i,σ
(ti,i+1c
†
i+1,σci,σ + h.c.)
+
∑
i
1
2
Mu˙2i +
∑
i
1
2
K(ui+1 − ui)2, (1)
where we only consider the nearest neighbor hopping of
the electrons. c†i,σ(ci,σ) is the creation (annihilation) op-
erator for the electron at ith atom with spin σ, M is the
atom mass, andK characterizes the force constant to pull
the atom back to its equilibrium position. The hopping
integral ti,i+1 is function of δui = ui − ui+1. Since δui
2is usually small, we can expand ti,i+1 to the first order
of δui, i.e. ti+1,i = t0 − α(ui+1 − ui), where t0 is the
hopping integral in the absence of lattice distortion.
At low temperatures, the half-filled chain will be
dimerized as shown in configuration (II) due to the
Peierls instability. The unit cell is enlarged to include
two atoms in this phase, so the lattice constant becomes
2a with a the nearest neighbor atom distance in the un-
dimerized state. In the following, we use the enlarged
unit cell for convenience, where the unit cell is denoted
with m = 1, 2, ..., N , and the two atoms in one unit cell
are denoted as A and B respectively. Then we move
to the reciprocal in the reduced Brillouin zone space[15],
and the Hamiltonian reads
Hp =
1
2
∑
µ,q
(P̂ ∗µ,qP̂µ,q + ω
2
µ,qQ̂
∗
µ,qQ̂µ,q), (2)
He = −t0
∑
k,σ
[(1 + e−2ika)c†A,k,σcB,k,σ + h.c.], (3)
Hep =
∑
µ,q,k,σ
(gµ,q,kQ̂µ,qc
†
A,k,σcB,k−q,σ + h.c.), (4)
where Hp and He are the Hamiltonian of phonon
and electron subsystem respectively, Hep describes the
electron-phonon interaction, q, k ∈ [− pi2a , pi2a ] are the
wavevectors in the reduced zone. µ = a, o denotes
the acoustic and optical phonon respectively. Q̂µ,q and
P̂µ,q are the canonical coordinates and momentums of
the phonons respectively, and they satisfy the quantiza-
tion condition [Q̂µ,q, P̂µ′,q′ ] = i~δq,−q′δµ,µ′ . ωµ,q is the
phonon energy. c†η,k,σ(cη,k,σ) is the Fourier transforma-
tion of c†η,m,σ(cη,m,σ), with η = A,B. gµ,q,k represents
the spin-independent electron-phonon interaction.
For the half-filled Peierls chain, the nesting wavevector
is Knest = 0 in the reduced zone. So the phonon mode
which condenses in the Peierls phase transition is the
optical one with q = 0, denoted as (o, 0). In the pump-
probe technique, the electron subsystem is excited to a
highly non-equilibrium state by the strong pump laser.
Then it reaches quasi-equilibrium state through electron-
electron scattering in femtosecond time scale. The quasi-
equilibrium state could be characterized by an effective
temperature Te. On the other hand, the lattice is nearly
unaffected in the thermalization process because of the
much larger mass of the ions. It is reasonable to assume
that the lattice keeps its original temperature Tl. In the
Peierls phase, the distortion of the lattice is due to the
electron-phonon coupling. In the case where only the
electrons are heated, it is obviously that the ions are not
at the configuration with lowest energy. So the ions will
start to move towards the configuration with lower en-
ergy. On the other hand, the eigenstates of the electrons
also varies with the movement of the ions. Meanwhile,
the hot electrons will transfer the extra energy to the
lattice, which could be considered as a heat bath with
temperature Tl, until its temperature Te reduced to Tl.
Based on this picture, we use two equations to describe
the dynamics of the photoexcited Peierls chain. Since
we are more interested in the dynamics of the lattice,
we will first derive the equation describing the dynamics
of the condensate of phonon mode (o, 0), with its cou-
pling to the electrons in the microscopic Hamiltonian
through density matrix technique. Then we introduce a
phenomenological equation to describe the temperature
decay of the electron subsystem.
In the following, we denote the operators (Q̂o,0, P̂o,0)
for the phonon mode (o, 0) as (Q̂, P̂), and the correspond-
ing frequency as Ω2 ≡ ω2o,0 = 4KM . With the density ma-
trix ρ of the phonon mode (o, 0), the expectation value
of the operators are Q(t) = Tr[Q̂ρ],P(t) = Tr[P̂ρ]. To in-
vestigate the dynamics of Q, we will study how it evolves
from time t′ to t = t′+ δt within a small δt. For simplic-
ity, we denote Q0 ≡ Q(t′), and we define a new canonical
coordinate q̂ as q̂ ≡ Q̂ − Q0. Then the Hamiltonian of
the phonon mode (o, 0) becomes
HS =
1
2
[P̂2 +Ω2(q̂2 + 2Q0q̂+Q20)]. (5)
The coupling term for the electrons and the phonon mode
(o, 0) contained in Eq. (4) is also decomposed into two
terms −Q0F̂ and −q̂⊗ F̂, where
F̂ =
√
2α2
NM
∑
k,σ
[(1− e−2ika)c†A,k,σcB,k,σ + h.c.]. (6)
In the small time interval [t′, t], the effect of the Peierls
distortion on the hot electrons is dominated by the term
−Q0F̂, which gives the electron Hamiltonian as HB =
He − Q0F̂. On the other hand, the term V ≡ −q̂ ⊗ F̂
gives the quantum dynamics of the phonon mode (o, 0)
driven by the hot electrons.
We now focus on the quantum dynamics of the phonon
mode (o, 0) during [t′, t]. In the two temperature sce-
nario, we assume that the quasi-equilibrium state of
the hot electrons has been established with the effec-
tive temperature Te. Then the phonon dynamics can
be calculated with the standard “system plus reservoir”
paradigm, where the system Hamiltonian is HS , the elec-
tron reservoir Hamiltonian is HB, while the interaction
is V . To the second order of the interaction V , the equa-
tion of motion of the density matrix of the phonon mode
(o, 0) in the interaction picture is[15, 16]
dρ˜(t)
dt
= − 1
i~
〈F˜〉B[q˜(t), ρ˜(t′)]
− 1
~2
∫ t
t′
dτJ (t− τ)[q˜(t), [q˜(τ), ρ˜(τ)]]
− i
~2
∫ t
t′
dτK(t − τ)[q˜(t), {q˜(τ), ρ˜(τ)}]. (7)
Here, .˜ . . denotes the operators in the interaction pic-
ture, and 〈. . .〉B ≡ TrB [. . . ρ˜B] denotes the expectation
3value over the reservoir density matrix ρ˜B. J (t− τ) and
K(t−τ) are the real and imaginary part of the correlation
function 〈F˜(t)F˜(τ)〉B respectively. Based on physical con-
siderations, the above equation holds if δt is larger than
the correlation time of the kernels J (t− τ) and K(t− τ)
but still small enough in order to assume that Q and Te
are unchanged during the time interval. This can be jus-
tified since the lattice dynamics is on the picosecond time
scale while the kernel correlation time is in the order of
femtosecond.
With Eq. (7) for the density matrix, the equations for
Q˙ and P˙ during the small time interval [t′, t] are[15]
Q˙(t) = P(t), (8)
P˙(t) = −Ω2Q(t) + F(t)− 2
~
∫ t
t′
dτK(t − τ)q(τ). (9)
Here, F = 〈F˜〉B . The displacement of the ions in real
space is ∆ ≡ uA,m = −uB,m = Q√2NM . By applying the
partial integration to the convolution integral in Eq. (9)
and dropping the term proportional to q(t) which van-
ishes for δt→ 0, we get an equation for the order param-
eter ∆[15]
∆¨ +
∫ t
t′
dτγ(t− τ)∆˙(τ) − f
M
= 0. (10)
Here, the damping kernel γ(t) is related to the kernelK(t)
via their Fourier transformations γ(ω) = − 2
~
K(ω)
ω , and f
is the force conjugated to the order parameter. Eq. (10)
takes the similar form as the TDGL equation, but its
validity is not restricted to the temperature range near
the phase transition. Furthermore, the damping kernel
γ and the force f are not given phenomenologically but
are determined from the parameters in the Peierls model
including K,M, t0, α and Te. This enables us to under-
stand microscopic origin of the order parameter dynamics
directly.
The force f in Eq. (10) consists of two terms[15],
f = −4K∆+ 1
N
∑
k
16α2∆sin2 ka
Λk
tanh
βΛk
2
, (11)
where β = 1/kBTe. The first term is the elastic force
between the ions, and the second term comes from the
coupling to the electron subsystem. The spin index has
been taken into account by a factor 2 in the summation.
The dispersions of the electron bands are ǫ±,k,σ = ±Λk
with Λk =
√
4t20 cos
2 ka+ 16α2∆2 sin2 ka. It is easy to
check that the force f is related to the free energy E as
f = −∂E/∂∆, with
E(∆, Te) = 2K∆2 − 1
Nβ
∑
k
ln(2 + e−βΛk + eβΛk).(12)
The Fourier transformation of the kernel functions
J (ω),K(ω), γ(ω) can be calculated based on the micro-
scopic model. Especially, we have[15]
γ(ω) =
2
~ω
∑
k
|hk|2tanhβΛk
2
[δ(ω − 2Λk
~
)− δ(ω + 2Λk
~
)],
which is is an even function of ω. Here, the coefficients
|hk|2 are [15]
|hk|2 = 8α
2
NM
t20 sin
2 ka cos2 ka
t20 cos
2 ka+ 4α2∆2 sin2 ka
. (13)
Then the damping kernel in Eq. (10) becomes
γ(t) =
∫ +∞
−∞
dωγ(ω) cos(ωt). (14)
In a typical Peierls system, t0 is in the order of eV, while
α∆ and 1/β are in the order of meV. Thus γ(ω) is af-
fected by the order parameter ∆ and the temperature Te
merely in the low frequency range characterized by the
energy 1/β and α∆, and γ(t) may be approximated to be
independent on Te and ∆. Besides, the maximum of Λk
is 2t0 since t0 ≫ α∆, then the cutoff frequency of γ(ω)
will be ωc = 4t0/~. The correlation time of the damping
kernel γ(t) is estimated as tc =
2pi
ωc
= pi~2t0 , therefore tc is
in the order of femtosecond, which is much shorter than
the picosecond time scale of the order parameter dynam-
ics. This suggests that the Markov approximation can
be applied to the damping term in Eq. (10) by replacing
∆˙(τ) with ∆˙(t). Then Eq. (10) is reduced to
∆¨ + Γ∆˙− f
M
= 0, (15)
where Γ =
∫ t
t′ dτγ(t− τ) =
∫ δt
0 dτγ(τ) with δt > tc.
In order to get a qualitative estimation of Γ, we con-
sider the case ∆ = 0 and βΛk ≫ 1, which gives |hk|2 =
8α2
NM sin
2 ka and Λk = 2t0 cos ka. γ(ω) is calculated as
γ(ω) = 4α
2
piMt0
√
1−(ω/ωc)2
|ω| for |ω| ≤ ωc. Then one gets
γ(ω) ∼ 4α2piMt0ωc ∼ ~α
2
piMt2
0
, γ(t) ∼ γ(ω)ωc ∼ 4α2piMt0 and
Γ ∼ γ(t)tc ∼ ~α2Mt2
0
. So we can estimate the damping co-
efficient Γ in Eq. (15) from the basic parameters M, t0, α
except for a proportional factor.
On the other hand, all the phonon modes except (o, 0)
form a thermal reservoir with temperature Tl. The elec-
tron subsystem will dissipate extra energy into the reser-
voir through electron-phonon coupling in the picosecond
time scale. The two-temperature scenario can be applied
to describe this dissipation process since the thermaliza-
tion process of hot electrons happens in femtosecond time
scale. For simplicity, we assume that the electronic tem-
perature Te decays towards Tl in the exponential form,
i.e.
Te(t) = Tl + (Te(0)− Tl)e−t/κ, (16)
where the initial electronic temperature Te(0) depends on
the fluence of the pump laser, and the decay time κ is a
4fitting parameter. Eq. (15) and Eq. (16) are the two basic
equations in our theory to describe the subpicosecond
dynamics of the photoexcited Peierls chain.
Calculation Results We perform some calculations
based on the established theory above. We choose the
following parameters, t0 = 2 eV, α = 0.167 eV/A˚,
M = 1.35 × 10−26 kg, K = 1.2 kg·s−2, which gives
the oscillation frequency Ω = 6π THz. In the numer-
ical calculation, we consider a system with N = 2000
unit cells. The free energy E(∆, Te) in Eq. (12) calcu-
lated for ∆ ∈ [−0.3, 0.3]A˚ and Te ∈ [1, 800]K are shown
in Fig. 2(a). At high temperature, the minimum of E is
at ∆ = 0 corresponding to the undistorted configuration
(I); while at low temperature, E has the form of dou-
ble well potential, and the distorted configuration (II) is
stable. Fig. 2(b) shows the Te dependence of the stable
order parameter ∆(> 0), which is in fact the solution of
the equation,
4K =
1
N
∑
k
16α2 sin2 ka
Λk
tanh
βΛk
2
, (17)
obtained by setting f = 0 in Eq. (11). The phase tran-
sition temperature is found to be about 600K for the
chosen parameters here. The solutions thus recover the
mean-field results for the CDW phase transition[17].
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FIG. 2. (Color online)(a): the free energy per atom E as the
function of electronic temperature Te and order parameter ∆.
(b): the order parameter ∆ as a function of electronic temper-
ature Te, obtained by minimizing the free energy density E .
(c) and (d): the damping kernel γ(t) and its Fourier transfor-
mation γ(ω) calculated for ∆ = 0 and Te = 1000K. The basic
model parameters for calculations here are given as t0 = 2eV,
α = 0.167eV/A˚, M = 1.35 × 10−26kg, K = 1.2kg · s−2, and
N = 2000.
With the given parameters, the damping kernel func-
tion γ(t) and its Fourier transformation γ(ω) are also
calculated with their expressions for ∆ = 0 and Te =
1000K, as shown in Fig. 2 (c) and (d). According to
the qualitative estimation above, the cutoff frequency
ωc = 1.2 × 1016Hz, and γ(ω) ∼ 1.7 × 109s−1; while the
correlation time tc = 5.2×10−16s, and γ(t) ∼ 2×1025s−2.
This indeed captures the qualitative features of the cal-
culated damping kernel. Furthermore, the damping co-
efficient in Eq. (15) is calculated as Γ = 0.25ps−1 by
integrating γ(t) from 0 to 5fs. This parameter will be
exploited in the following dynamics simulations.
Now we simulate the dynamics of order parameter ∆
based on Eq. (15) and Eq. (16). The decay time of Te is
chosen to be κ = 5ps. In the calculation, we discretize
the equations with δt = 5fs between two time steps. The
initial order parameter ∆(0) is determined from Eq. (17)
with given lattice temperature Tl, and ∆˙(0) = 0. The
initial electronic temperature Te(0) depends on the flu-
ence of the pump laser, and is an input parameter in
our simulations. The simulations with various Tl and
Te(0) are performed. The results with three different
Tl = 100, 300, 500K and fixed Te(0) = 1200K are de-
picted in Fig. 3(a), and the results with three different
Te(0) = 800, 1000, 1200K and fixed Tl = 200K are shown
in Fig. 3(b). Several features of the dynamics can be
observed in the figures. First, the oscillation frequency
of the order parameter is lower than the bare frequency
Ω = 6π THz of the phonon mode (o, 0), because of the
coupling between the phonon and electrons. Second, the
dynamics can be divided into two regions. When the elec-
tronic temperature Te is above the phase transition tem-
perature, the amplitude of the oscillation is large while
frequency is low; when Te is below the phase transition
temperature, the order parameter is trapped in one of
the double wells, and it oscillates with smaller amplitude
but higher frequency. This reflects the symmetry break-
ing when the electronic temperature crosses the phase
transition temperature. Third, switching of the order pa-
rameter is possible in some cases as long as Te(0) is larger
than the phase transition temperature. This suggests the
possibility to control the Peierls systems optically in the
pecosecond time scale for practical applications.
Conclusion The photoexcited dynamics of order pa-
rameter in Peierls chain has been investigated within the
microscopic quantum theory in the limit that the electron
subsystem can be treated as quasi-equilibrium state with
an exponentially decaying effective temperature. The op-
tical phonon mode responsible for the Peierls distortion
is coupled to the electron subsystem, and its dynami-
cal equation is established with the help of the density
matrix technique. The driven force acting on the order
parameter and the damping coefficient are obtained in
terms of the microscopic parameters in the Peierls model.
We further apply the theory to simulate the recovery dy-
namics of the order parameter in the photoexcited Peierls
chain. It is found that the oscillation frequency and
amplitude will be significantly changed when the effec-
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FIG. 3. (Color online)(a): order parameter dynamics for three
different lattice temperatures Tl = 100, 300, 500K with fixed
initial electronic temperature Te(0) = 1200K. (b) order pa-
rameter dynamics for three different initial electronic tem-
peratures Te(0) = 800, 1000, 1200K with fixed lattice temper-
ature Tl = 200K. The basic model parameters are the same
as Fig. 2, and the damping coefficient Γ = 0.25ps−1, the elec-
tronic temperature decay time κ = 5ps, and the discretized
time step δt = 5fs.
tive electronic temperature crosses the phase transition
temperature, and switching of the order parameter may
happen. Our theory describes the physical processes mi-
croscopically, and is not restricted to the temperature
range near the phase transition as in the phenomenolog-
ical Ginzburg-Landau theory. The theory can be further
generalized to understand the photoexcited dynamics in
more complicated Peierls-type systems and might have
potential applications
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